Introduction {#Sec1}
============

We present results of two related searches for physics beyond the standard model (BSM) in events with jets and significant transverse momentum imbalance. These are based on a data set of proton--proton ($\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13\,\text {Te}\text {V} $$\end{document}$, collected with the CMS detector at the CERN LHC in 2016--2018, and corresponding to an integrated luminosity of 137$\documentclass[12pt]{minimal}
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The first is an inclusive search that exploits the transverse momentum imbalance as inferred from the kinematic variable $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$) of the jet in events with just one jet. Similar searches were previously conducted by both the ATLAS \[[@CR2]--[@CR7]\] and CMS \[[@CR8]--[@CR12]\] Collaborations. Our analysis builds on the work presented in Refs. \[[@CR9], [@CR11]\], using improved methods to estimate the background from standard model (SM) processes, in particular the multijet background arising from instrumental effects. Event counts in bins of the number of jets ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ of the single jet, are compared against estimates of the background from SM processes, as derived from dedicated data control samples.

The second search aims at extending the sensitivity of the inclusive search for scenarios where the mass spectrum of potential new particles is compressed. In such scenarios, some theoretical models \[[@CR13], [@CR14]\] predict the existence of long-lived charged particles that can be identified as disappearing tracks, when they decay within the volume of the tracking detector and their charged decay products are below the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ detection threshold. Such signatures are rare in the SM and are often dominated by instrumental effects. The presence of disappearing tracks is exploited in order to suppress the background from SM processes, and to enhance the sensitivity towards these scenarios. Similar analyses were previously conducted by both the ATLAS \[[@CR15], [@CR16]\] and CMS \[[@CR17]--[@CR20]\] Collaborations. We use events with at least two jets, and the $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ variable to further suppress the background from SM processes. Event counts in bins of $\documentclass[12pt]{minimal}
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                \begin{document}$$H_{\mathrm {T}}$$\end{document}$, disappearing track length, and disappearing track $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ are compared against estimates of the background from SM processes derived from dedicated data control samples.

The results are interpreted in the context of simplified models \[[@CR21]--[@CR25]\] of *R*-parity \[[@CR26]\] conserving supersymmetry (SUSY) \[[@CR27]--[@CR34]\] where gluinos and squarks are pair-produced and the lightest SUSY particle is a neutralino.
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                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search are also interpreted in the context of a BSM scenario where a colored scalar state $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ is resonantly produced through coupling to quarks, and decays to an invisible massive Dirac fermion $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ model. It has been recently proposed as an explanation of an excess in data in regions with low jet multiplicities, identified in the context of a reinterpretation \[[@CR35], [@CR36]\] of the results of the previous inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search \[[@CR9]\] as well as of other similar searches by both the ATLAS \[[@CR6], [@CR7]\] and CMS \[[@CR8], [@CR37]\] Collaborations.
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                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search is interpreted using models of leptoquark (LQ) pair production, similarly to Ref. \[[@CR11]\]. Leptoquarks are hypothetical particles with quantum numbers of both quarks and leptons \[[@CR38]\]. The spin of an LQ state is either 0 (scalar LQ or $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {LQ_{V}}$$\end{document}$). Leptoquarks appear in BSM theories such as grand unified theories \[[@CR38]--[@CR41]\], technicolor models \[[@CR42]--[@CR45]\], compositeness scenarios \[[@CR46], [@CR47]\], and *R*-parity violating SUSY \[[@CR27]--[@CR34], [@CR48]\], and have been suggested as an explanation of the anomalies observed in flavor physics \[[@CR49]--[@CR55]\] by the BaBar \[[@CR56], [@CR57]\], Belle \[[@CR58]--[@CR62]\], and LHCb \[[@CR63]--[@CR68]\] Collaborations. The best fit model of Refs. \[[@CR54], [@CR55]\] predicts an $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal {O}}\left( \text {Te}\text {V} {}\right) $$\end{document}$ decaying with 50% branching fraction to either a top quark and a neutrino ($\documentclass[12pt]{minimal}
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                \begin{document}$${\text {b}} {\uptau } $$\end{document}$), which would be expected to be visible at the LHC. The final states and kinematic variables resulting from the pair production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {LQ_{S}}$$\end{document}$, each decaying to a quark and a neutrino, are the same as those considered in searches for squark pair production in *R*-parity conserving SUSY, assuming that the squark decays directly to a quark and a massless neutralino \[[@CR11], [@CR69]\]. The decay products of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {LQ_{V}}$$\end{document}$ are also found to have similar kinematic properties \[[@CR11], [@CR69]\]. Therefore, as the search presented in this paper is already optimized for squark pair production, it is also sensitive to LQ pair production. The LQ production with decays to a quark and a neutrino has been constrained using LHC data by both the ATLAS \[[@CR70]--[@CR72]\] and CMS \[[@CR11], [@CR73]--[@CR77]\] Collaborations, either by reinterpreting the existing squark searches, or considering scenarios with mixed branching fractions where an LQ also decays to a quark and a charged lepton. The same signatures have been previously covered at the Fermilab Tevatron by the CDF (e.g., in Refs. \[[@CR78]--[@CR80]\]) and D0 (e.g., in Refs. \[[@CR81]--[@CR83]\]) Collaborations. Constraints have been placed by direct searches for single LQ production performed at HERA by the H1 \[[@CR84]\] and ZEUS \[[@CR85]\] Collaborations. Finally, searches for LQs decaying to $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {b}} {\uptau } $$\end{document}$ have been performed by the ATLAS \[[@CR86]\], CMS \[[@CR87], [@CR88]\], CDF \[[@CR89], [@CR90]\], and D0 \[[@CR91]\] Collaborations.

After a brief description of the CMS detector in Sect. [2](#Sec2){ref-type="sec"}, the event selection and categorization as well as details of the Monte Carlo (MC) simulation are presented in Sect. [3](#Sec3){ref-type="sec"}. Section [4](#Sec9){ref-type="sec"} describes the SM background estimation. Results and their interpretations are presented in Sects. [5](#Sec15){ref-type="sec"} and [6](#Sec18){ref-type="sec"}, respectively. Finally, a summary is provided in Sect. [7](#Sec21){ref-type="sec"}.

The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\,\text {T}$$\end{document}$. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity ($\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$) coverage provided by the barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. The first level of the CMS trigger system, composed of custom hardware processors, uses information from the calorimeters and muon detectors to select the most interesting events in a fixed time interval of less than 4$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\,\text {kHz}$$\end{document}$, before data storage. A more detailed description of the CMS detector and trigger system, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Refs. \[[@CR92], [@CR93]\]. The pixel tracker was upgraded before the start of the data taking period in 2017, providing one additional layer of measurements compared to the older tracker \[[@CR94]\].

Event selection and Monte Carlo simulation {#Sec3}
==========================================

Event selection {#Sec4}
---------------

Events are processed using the particle-flow (PF) algorithm \[[@CR95]\], which aims at reconstructing and identifying each individual particle in an event, with an optimal combination of information from the elements of the CMS detector. The particles reconstructed with this algorithm are hereafter referred to as PF candidates. The physics objects and the event preselection are similar to those described in Ref. \[[@CR9]\]; they are summarized in Table [1](#Tab1){ref-type="table"}, and described in detail below. We select events with at least one reconstructed vertex and at least one jet, and veto events with an isolated lepton (e or $\documentclass[12pt]{minimal}
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In the search for disappearing tracks, events are selected requiring in addition the presence of at least one disappearing track. These are defined as well-reconstructed isolated tracks with no measurement points in at least two of the outermost layers of the tracker and no associated energy deposits in the calorimeter. These tracks are predominantly not considered as candidates by the PF algorithm; as a result they are not included in the calculation of $\documentclass[12pt]{minimal}
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Event categorization {#Sec5}
--------------------
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### Search for disappearing tracks {#Sec7}

In the following, the selected disappearing tracks are called short tracks (STs). We also define short track candidates (STCs) as disappearing tracks that are required to satisfy relaxed selection criteria on the track quality and isolation compared to an ST, but not the tight ones required for STs. Both STs and STCs are required to have no measurement points in at least two of the outermost layers of the tracker and no associated energy deposits in the calorimeter.

We select events with at least one ST and at least two jets, and we categorize them by the values of $\documentclass[12pt]{minimal}
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The full track selection requirements for both STs and STCs are listed in Table [11](#Tab11){ref-type="table"} of Appendix [A](#Sec22){ref-type="sec"}, together with the track length categories they belong to. For signal STs, the track reconstruction and selection efficiency ranges from 50 to 65%, depending on the track length and the data taking period.

The 68 search regions (28 used for the categorization of the 2016 data set, and 40 for the 2017--2018 data set) are summarized in Tables [24](#Tab24){ref-type="table"} and [25](#Tab25){ref-type="table"} in Appendix [B.2](#Sec25){ref-type="sec"}.

Monte Carlo simulation {#Sec8}
----------------------

The MC simulation is used to design the search, to help estimate SM backgrounds, and to evaluate the sensitivity to simplified models of BSM physics.
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                \begin{document}$$\mathrm {v}2.0$$\end{document}$) \[[@CR111]--[@CR115]\] generators. Finally, contributions from rarer processes such as diboson, triboson, and four top quark production, are also considered and found to be negligible. The expected yields of all samples are normalized using the most precise available cross section calculations, typically corresponding to NLO or next-to-NLO (NNLO) accuracy \[[@CR110], [@CR113], [@CR115]--[@CR119]\].

The detector response of SM samples and 2016 signal samples containing long-lived objects is modeled with the [Geant4]{.smallcaps} \[[@CR120]\] program, while the CMS fast simulation framework \[[@CR121], [@CR122]\] is used for other signal samples, and uncertainties are derived to account for the potential mismodeling of the event kinematics.

For all simulated samples, generators are interfaced with [pythia]{.smallcaps}  8.2 (8.205, 8.212, 8.226, or 8.230) \[[@CR123]\] for fragmentation and parton showering. For samples simulated at LO (NLO) precision, the MLM \[[@CR124]\] (FxFx \[[@CR125]\]) prescription is used to match partons from the matrix element calculation to those from the parton showers. The CUETP8M1 \[[@CR126]\] [pythia]{.smallcaps}  8.2 tune is used for the 2016 SM background and signal samples. For 2017 and 2018, the CP5 and CP2 tunes \[[@CR127]\] are used for the SM background and signal samples, respectively. The NNPDF2.3LO (NNPDF2.3NLO) \[[@CR128]\] parton distribution functions (PDFs) are used to generate the 2016 LO (NLO) samples, while the NNPDF3.1LO (NNPDF3.1NNLO) \[[@CR129]\] PDFs are used for the 2017 and 2018 samples.

The output of the detector simulation is processed using the same chain of reconstruction algorithms as for collision data.
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Background estimation {#Sec9}
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### Estimation of the background from events with leptonic W boson decays {#Sec11}
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Uncertainties arising from the limited size of the control samples and from theoretical and experimental considerations are evaluated and propagated to the final estimate. The dominant uncertainty in $\documentclass[12pt]{minimal}
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The uncertainties in the LL background prediction are summarized in Table [2](#Tab2){ref-type="table"} together with their typical size ranges across the search bins.Table 2Summary of systematic uncertainties in the lost-lepton background prediction, together with their typical size ranges across the search binsSourceRange (%)Limited size of data control samples5--100Limited size of MC samples0--50$\documentclass[12pt]{minimal}
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### Estimation of the background from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {Z}} ({{\upnu }} \bar{{{\upnu }}})+\text {jets}$$\end{document}$ {#Sec12}

The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {Z}} \rightarrow {{\upnu }} \bar{{{\upnu }}} $$\end{document}$ background is estimated from a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {Z}} \rightarrow \ell ^{+}\ell ^{-}$$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ell = {\text {e}},{\upmu } $$\end{document}$) control sample selected using dilepton triggers. The trigger efficiency, measured from a sample of events in data with large $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}$$\end{document}$, is found to be greater than 97% in the selected kinematic range.

The leptons in the control sample are required to be of the same flavor and have opposite charge. The $\documentclass[12pt]{minimal}
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The uncertainties in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {Z}} \rightarrow {{\upnu }} \bar{{{\upnu }}} $$\end{document}$ background prediction are summarized in Table [3](#Tab3){ref-type="table"} together with their typical size ranges across the search bins.Table 3Summary of systematic uncertainties in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {Z}} \rightarrow {{\upnu }} \bar{{{\upnu }}} $$\end{document}$ background prediction, together with their typical size ranges across the search binsSourceRange (%)Limited size of data control samples5--100Limited size of MC samples0--50Lepton efficiency0--5Jet energy scale0--5Uncertainty in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R^{\mathrm {SF}/\mathrm {DF}}$$\end{document}$0--5$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ shape uncertainty (if $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_{{\text {Z}} \rightarrow {{\upnu }} \bar{{{\upnu }}}}\ne 1$$\end{document}$)0--40

### Estimation of the multijet background {#Sec13}

The background from SM events comprised uniquely of jets produced through the strong interaction (multijet events) is estimated from control regions in data selected using triggers that require $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}$$\end{document}$ to exceed thresholds ranging from 125 (180) to 900 (1050)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\,\text {Ge}\text {V}$$\end{document}$ in 2016 (2017--2018) data samples. In addition, events are required to have at least two jets with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} > 10\,\,\text {Ge}\text {V} $$\end{document}$.

The rebalance and smear (R&S) method used to estimate the multijet background consists of two steps. First, multijet data events are rebalanced by adjusting the $\documentclass[12pt]{minimal}
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The method makes use of jet response templates, i.e., distributions of the ratio of reconstructed jet $\documentclass[12pt]{minimal}
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Of all jets in the event, a jet qualifies for use in the R&S procedure if it has $\documentclass[12pt]{minimal}
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The rebalanced events are used as input to the smearing procedure, where the $\documentclass[12pt]{minimal}
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The background from multijet events is estimated by applying the signal region selection requirements to the above rebalanced and smeared sample, except events are only used if $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T},\text {reb}}^\text {miss}<100\,\,\text {Ge}\text {V} $$\end{document}$ to remove potential contamination from electroweak sources. This additional requirement is found to be fully efficient for multijet events, in simulation. Hence, no correction is applied to the prediction.

Systematic uncertainties are summarized in Table [4](#Tab4){ref-type="table"} together with their typical size ranges across the search bins.Table 4Summary of systematic uncertainties in the multijet background prediction, together with their typical size ranges across the search binsSourceRange (%)Jet energy resolution10--20Tails of jet response in templates17--25$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _\text {T}^{\text {soft}}$$\end{document}$ modeling1--25$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{\mathrm {j}}$$\end{document}$ modeling1--19$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{{\text {b}}}$$\end{document}$ modeling1--16

The resulting background prediction is validated in data using control regions enriched in multijet events. The results of the validation in a control region selected by inverting the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta \phi _{\text {min}}$$\end{document}$ requirement are shown in Fig. [3](#Fig3){ref-type="fig"}. The electroweak backgrounds (LL and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {Z}} \rightarrow {{\upnu }} \bar{{{\upnu }}} $$\end{document}$) in this control region are estimated from data using transfer factors from leptonic control regions as described above. In regions where the number of events in the data leptonic control regions are insufficient, the electroweak background is taken from simulation. The observation is found to agree with the prediction, within the uncertainties.Fig. 3Validation of the R&S multijet background prediction in control regions in data selected with $\documentclass[12pt]{minimal}
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Search for disappearing tracks {#Sec14}
------------------------------

In the search for disappearing tracks, the SM background consists of events with charged hadrons or leptons that interact in the tracker or are poorly reconstructed, as well as tracks built out of incorrect combinations of hits. The background is estimated from data, leveraging the orthogonal definition of STCs and selected STs (Sect. [3.2.2](#Sec7){ref-type="sec"}), as described by Eq. ([10](#Equ10){ref-type=""}).$$\documentclass[12pt]{minimal}
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In the presence of BSM physics, the above-defined control regions could be affected by signal contamination. Although the expected signal contamination is typically negligible, its potential impact is accounted for in the interpretation of the results, as further described in Sect. [6](#Sec18){ref-type="sec"}.
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Figure [4](#Fig4){ref-type="fig"} shows the result of the background prediction validation in 2016 data and in 2017--2018 data. We find good agreement between the observation and the background prediction in the validation region. An additional systematic uncertainty is assigned to cover for discrepancies exceeding statistical uncertainties. The uncertainties in the background prediction are summarized in Table [5](#Tab5){ref-type="table"} together with their typical size ranges across the search bins.Fig. 4Validation of the background prediction method in (upper) 2016 and (lower) 2017--2018 data with $\documentclass[12pt]{minimal}
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Results {#Sec15}
=======

The data yields in the search regions are statistically compatible with the estimated backgrounds from SM processes.

Inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search {#Sec16}
--------------------------------------------------------------------------

A summary of the results of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ inclusive search is shown in Fig. [5](#Fig5){ref-type="fig"}. Each bin in Fig. [5](#Fig5){ref-type="fig"} (upper) corresponds to a single ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{\mathrm {j}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{{\text {b}}}$$\end{document}$) topological region integrated over $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$. Figure [5](#Fig5){ref-type="fig"} (lower) breaks down the background estimates and observed data yields into $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ bins for the region $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$575< H_{\mathrm {T}} <1200\,\,\text {Ge}\text {V} $$\end{document}$: each bin corresponds to a single $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ bin, and vertical lines identify ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{\mathrm {j}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{{\text {b}}}$$\end{document}$) topological regions. Distributions for the other $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}$$\end{document}$ regions can be found in Figs. [23](#Fig23){ref-type="fig"} and [24](#Fig24){ref-type="fig"} in Appendix [C.1](#Sec27){ref-type="sec"}. Background predictions and observed yields in all search regions are also summarized in Tables [12](#Tab12){ref-type="table"}, [13](#Tab13){ref-type="table"}, [14](#Tab14){ref-type="table"}, [15](#Tab15){ref-type="table"}, [16](#Tab16){ref-type="table"}, [17](#Tab17){ref-type="table"}, [18](#Tab18){ref-type="table"}, [19](#Tab19){ref-type="table"}, [20](#Tab20){ref-type="table"}, [21](#Tab21){ref-type="table"}, [22](#Tab22){ref-type="table"} and [23](#Tab23){ref-type="table"} in Appendix [B.1](#Sec24){ref-type="sec"}. The background estimates and corresponding uncertainties rely exclusively on the inputs from control samples and simulation described in Sect. [4.1](#Sec10){ref-type="sec"}, prior to the fit to the data detailed in Sect. [6](#Sec18){ref-type="sec"}, and are referred to in the rest of the text as pre-fit background results.Fig. 5(Upper) Comparison of the estimated (pre-fit) background and observed data events in each topological region. The hatched bands represent the full uncertainty in the background estimate. The monojet regions ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{\mathrm {j}} = 1$$\end{document}$) are identified by the labels "1j, 0b" and "1j, 1b", and are binned in jet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$. The multijet regions are shown for each $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}$$\end{document}$ region separately, and are labeled accordingly. The notations j, b are short for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{\mathrm {j}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{{\text {b}}}$$\end{document}$. (Lower) Same for individual $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search bins in the medium-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\mathrm {T}}$$\end{document}$ region. On the *x* axis, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ binning is shown in units of GeV

To allow simpler reinterpretation, we also provide results for super signal regions, which cover subsets of the full analysis with simpler inclusive selection criteria and that can be used to obtain approximate interpretations of this search. The definitions of these regions are given in Table [6](#Tab6){ref-type="table"}, with the predicted and observed number of events and the 95% confidence level ($\documentclass[12pt]{minimal}
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Search for disappearing tracks {#Sec17}
------------------------------

The results of the search for disappearing tracks are shown in Fig. [6](#Fig6){ref-type="fig"}. Just as in the case of the inclusive search, the background estimates and the uncertainties rely exclusively on the inputs from control samples and simulation (Sect. [4.2](#Sec14){ref-type="sec"}), prior to the fit to the data described in Sect. [6](#Sec18){ref-type="sec"}. We refer to them in the rest of the text as pre-fit background results. Background predictions and observed yields in all search regions are also summarized in Tables [24](#Tab24){ref-type="table"} and [25](#Tab25){ref-type="table"} in Appendix [B.2](#Sec25){ref-type="sec"}.Fig. 6Comparison of the estimated (pre-fit) background and observed data events in (upper) each of the 2016 search regions, and in (lower) each of the 2017--2018 search regions, in the search for disappearing tracks. The red histogram represents the predicted background, while the black markers are the observed data counts. The cyan band represents the statistical uncertainty in the prediction. The gray band represents the total uncertainty. The labels on the *x* axes are explained in Tables [24](#Tab24){ref-type="table"} and [25](#Tab25){ref-type="table"} of Appendix [B.2](#Sec25){ref-type="sec"}. Regions whose predictions use the same measurement of $\documentclass[12pt]{minimal}
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Interpretation of the results {#Sec18}
=============================

The measurements are interpreted in the context of models of new physics. Maximum likelihood fits to the data in the signal regions are carried out under either background-only or background+signal hypotheses. The uncertainties in the modeling of the backgrounds, summarized in Sect. [4](#Sec9){ref-type="sec"}, are inputs to the fitting procedure. The likelihoods are constructed as the product of Poisson probability density functions, one for each signal region, with additional log-normal constraint terms that account for the uncertainties in the background estimates and, if considered, in the signal yields.

The background+signal fits are used to set 95% $\documentclass[12pt]{minimal}
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For the interpretation of the results, simplified BSM physics models \[[@CR21]--[@CR25]\] are used. Simplified models are defined by sets of hypothetical particles and sequences of their production and decay. The theoretical parameters are thus reduced to a small number of masses and cross sections, providing an effective tool to characterize potential signals of BSM physics.
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The results of the search for disappearing tracks are used to constrain simplified models of SUSY where gluinos and squarks are produced in pairs, and each one decays either directly to the lightest neutralino ($\documentclass[12pt]{minimal}
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Uncertainties in the signal yield for the simplified models considered are listed in Table [7](#Tab7){ref-type="table"}. The sources of uncertainty and the methods used to evaluate their effect on the interpretation are the same as those discussed in Refs. \[[@CR9], [@CR96]\]. For each data sample corresponding to the different periods of data taking (2016, 2017, and 2018), uncertainties in the luminosity measurement \[[@CR148]--[@CR150]\], ISR modeling, fast simulation $\documentclass[12pt]{minimal}
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Table [8](#Tab8){ref-type="table"} summarizes the limits on the masses of SUSY particles excluded for the simplified model scenarios considered. These results extend the constraints on gluino and squark masses by about 100--350$\documentclass[12pt]{minimal}
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Table [9](#Tab9){ref-type="table"} summarizes the limits on the masses of the LQs excluded for the considered scenarios. These results extend the constraints on LQ masses by up to about 200$\documentclass[12pt]{minimal}
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Search for disappearing tracks {#Sec20}
------------------------------

Figure [17](#Fig17){ref-type="fig"} shows the exclusion limits at 95% $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$ for direct gluino pair production where the gluinos decay to light-flavor (u, d, s, c) quarks, with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }}) = 10$$\end{document}$, 50, and 200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$. Exclusion limits for the direct production of light-flavor and top squark pairs are shown in Figs. [18](#Fig18){ref-type="fig"} and [19](#Fig19){ref-type="fig"}, respectively, also for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }}) = 10$$\end{document}$, 50, and 200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$.Fig. 17Exclusion limits at 95% $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$ for direct gluino pair production where the gluinos decay to light-flavor (u, d, s, c) quarks, with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }}) =$$\end{document}$ (upper left) 10$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$, (upper right) 50$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$, and (lower) 200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$. The area enclosed by the thick black curve represents the observed exclusion region, while the dashed red lines indicate the expected limits and their ±1 standard deviation (s.d.) ranges. The thin black lines show the effect of the theoretical uncertainties in the signal cross section. The white band for masses of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ below 91.9$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\,\text {Ge}\text {V}$$\end{document}$ represents the region of the mass plane excluded at the CERN LEP \[[@CR151]\]. Signal cross sections are calculated at approximately NNLO+NNLL order in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S$$\end{document}$ \[[@CR136]--[@CR147]\], assuming decay branching fractions ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal {B}}$$\end{document}$) as indicated in the figure Fig. 18Exclusion limits at 95% $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$ for light squark pair production with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }}) =$$\end{document}$ (upper left) 10$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$, (upper right) 50$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$, and (lower) 200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$. The area enclosed by the thick black curve represents the observed exclusion region, while the dashed red lines indicate the expected limits and their ±1 standard deviation (s.d.) ranges. The thin black lines show the effect of the theoretical uncertainties in the signal cross section. The white band for masses of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ below 91.9$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\,\text {Ge}\text {V}$$\end{document}$ represents the region of the mass plane excluded at the CERN LEP \[[@CR151]\]. Signal cross sections are calculated at approximately NNLO+NNLL order in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S$$\end{document}$ \[[@CR136]--[@CR147]\], assuming decay branching fractions ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal {B}}$$\end{document}$) as indicated in the figure Fig. 19Exclusion limits at 95% $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$ for top squark pair production with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }}) =$$\end{document}$ (upper left) 10$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$, (upper right) 50$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$, and (lower) 200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {cm}$$\end{document}$. The area enclosed by the thick black curve represents the observed exclusion region, while the dashed red lines indicate the expected limits and their ±1 standard deviation (s.d.) ranges. The thin black lines show the effect of the theoretical uncertainties in the signal cross section. The white band for masses of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ below 91.9$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\,\text {Ge}\text {V}$$\end{document}$ represents the region of the mass plane excluded at the CERN LEP \[[@CR151]\]. Signal cross sections are calculated at approximately NNLO+NNLL order in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S$$\end{document}$ \[[@CR136]--[@CR147]\], assuming decay branching fractions ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal {B}}$$\end{document}$) as indicated in the figure

Exclusion limits from the disappearing track search tend to be strongest in longer $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }})$$\end{document}$ models, when $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\tilde{{\upchi }}_{1}^{0}}$$\end{document}$ is near the mass of the gluino or squark, and in shorter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }})$$\end{document}$ models, when a large mass splitting generates a large boost for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$, and in models characterized by large jet multiplicities. Models with these properties tend to populate the background depleted disappearing track regions with high $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{\mathrm {j}}$$\end{document}$ and longer tracks. In the massless $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ limit, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ receives a large Lorentz boost. Therefore, it tends not to decay inside the tracking detector, with a consequent reduction in the signal acceptance and in the analysis sensitivity.

When a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ decays within the volume of the tracking detector, it is not counted as a PF candidate and, being almost mass degenerate with the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$, its decay products provide negligible visible energy in the detector. To a good approximation, as confirmed in simulation, the limits presented in Sect. [6.1](#Sec19){ref-type="sec"} from the inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search should apply also to these models with an intermediate $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$.

For SUSY models with long-lived $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$, the search for disappearing tracks significantly extends the sensitivity of the inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search. Table [10](#Tab10){ref-type="table"} summarizes the limits on the masses of the SUSY particles excluded for the simplified model scenarios considered.Table 10Summary of the observed 95% $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$ exclusion limits on the masses of SUSY particles for different simplified model scenarios, where the produced particles decay with equal probability to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{+}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{-}$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$, and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ are long lived. The highest limits on the mass of the directly produced particles and on the mass of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ are quotedSimplifiedHighest limit on directly producedHighest limit onmodelSUSY particle mass ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {Ge}\text {V}$$\end{document}$)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ mass ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {Ge}\text {V}$$\end{document}$)Direct gluino pair production:$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\text {g}}}} \rightarrow {\text {q}} {\bar{{{\text {q}}}}} \tilde{{\upchi }}_{1}^{0} $$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\text {g}}}} \rightarrow {\text {q}} {\bar{{{\text {q}}}}} ' {\tilde{{\upchi }}_{1}^{\pm }} $$\end{document}$24602000Direct squark pair production:Eight degenerate light squarks20901650Single light squark17001275Top squark16601210

Two-dimensional constraints are also placed on the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ mass as a function of its proper decay length, as shown in Figs. [20](#Fig20){ref-type="fig"} and [21](#Fig21){ref-type="fig"}, for the pair production of gluinos and light-flavor and top squarks, respectively. In particular, Figs. [20](#Fig20){ref-type="fig"} and [21](#Fig21){ref-type="fig"} show the excluded $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ mass as a function of its proper decay length for representative gluino, light-flavor or top squark masses. For short $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ lifetimes, the inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search is more sensitive than the dedicated search for disappearing tracks, based on expected exclusion limits. As already mentioned above, the inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search is not sensitive to the presence of an intermediate long-lived $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ in the parent SUSY particle decay chain, especially when the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ lifetime is short, such that the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ cannot be reconstructed as a stable PF candidate. Furthermore, the signal acceptance of the inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search is not affected by the track reconstruction inefficiencies which may arise when the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ decays before the CMS tracker, for very short $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ lifetimes.

Figure [22](#Fig22){ref-type="fig"} shows exclusion limits on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma /\sigma _{\mathrm {theory}}$$\end{document}$ as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }})$$\end{document}$, for a choice of signal models where gluinos and squarks can decay via a long-lived $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$, as obtained from the search for disappearing tracks. Scenarios where the mass spectrum of SUSY particles is compressed are especially constrained across a wide range of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }})$$\end{document}$. The exclusion limits are typically stronger at intermediate $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }})$$\end{document}$, as a larger fraction of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ decay within the CMS tracker and can therefore be identified as disappearing tracks.Fig. 20Exclusion limits at 95% $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$ on the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ mass, with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{{\tilde{{\upchi }}_{1}^{\pm }}}=m_{\tilde{{\upchi }}_{1}^{0}}+{\mathcal {O}}(100\,\,\text {Me}\text {V})$$\end{document}$, as a function of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ proper decay length, for (upper) direct gluino and (lower) direct light-flavor (u, d, s, c) squark pair production, as obtained for representative gluino and squark masses. The gluinos decay to light-flavor quarks. For direct squark pair production, we assume either (lower left) one--fold or (lower right) eight--fold squark degeneracy. The area enclosed by the solid (dashed) black curve represents the observed (median expected) exclusion region, while the inner green (outer yellow) band indicates the region containing 68 (95)% of the distribution of limits expected under the background-only hypothesis. At short decay lengths, horizontal exclusion lines are obtained from the inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search, as this is not affected by track reconstruction inefficiencies, which may arise when the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ decays before the CMS tracker, and therefore shows better sensitivity to scenarios with very small $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }})$$\end{document}$ compared to the disappearing track search, based on median expected limits. The horizontal dashed lines at (upper) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{{\tilde{{\text {g}}}}}=m_{\tilde{{\upchi }}_{1}^{0}}$$\end{document}$ and (lower) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\tilde{{\text {q}}}}=m_{\tilde{{\upchi }}_{1}^{0}}$$\end{document}$ bound the mass range in which the decays are kinematically allowed. If all kinematically allowed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ masses ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\tilde{{\upchi }}_{1}^{0}} \le m_{{\tilde{{\text {g}}}}}$$\end{document}$, or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\tilde{{\upchi }}_{1}^{0}} \le m_{\tilde{{\text {q}}}}$$\end{document}$) are excluded, the curves, including 68 and 95% expected, tend to overlap. The band at masses of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ below 91.9$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\,\text {Ge}\text {V}$$\end{document}$ represents the region of the mass plane excluded at the CERN LEP \[[@CR151]\]. Signal cross sections are calculated at approximately NNLO+NNLL order in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S$$\end{document}$ \[[@CR136]--[@CR147]\], assuming decay branching fractions ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal {B}}$$\end{document}$) as indicated in the figure Fig. 21Exclusion limits at 95% $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$ on the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ mass, with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{{\tilde{{\upchi }}_{1}^{\pm }}}=m_{\tilde{{\upchi }}_{1}^{0}}+{\mathcal {O}}(100\,\,\text {Me}\text {V})$$\end{document}$, as a function of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ proper decay length, for direct top squark pair production, as obtained for a representative top squark mass. The area enclosed by the solid (dashed) black curve represents the observed (median expected) exclusion region, while the inner green (outer yellow) band indicates the region containing 68 (95)% of the distribution of limits expected under the background-only hypothesis. At short decay lengths, horizontal exclusion lines are obtained from the inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {T2}}$$\end{document}$ search, as this is not affected by track reconstruction inefficiencies, which may arise when the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ decays before the CMS tracker, and therefore shows better sensitivity to scenarios with very small $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau _{0}({\tilde{{\upchi }}_{1}^{\pm }})$$\end{document}$ compared to the disappearing track search, based on median expected limits. The horizontal dashed line at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\tilde{{\text {t}}}}=m_{\tilde{{\upchi }}_{1}^{0}}+100\,\,\text {Ge}\text {V} $$\end{document}$ indicates the minimum simulated mass difference between top squark and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$, chosen such that the decay of top quarks to on-shell $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {W}} $$\end{document}$ bosons is allowed. If all kinematically allowed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ masses ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\tilde{{\upchi }}_{1}^{0}} \le m_{\tilde{{\text {t}}}}-100\,\,\text {Ge}\text {V} $$\end{document}$) are excluded, the curves, including 68 and 95% expected, tend to overlap. The band at masses of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{{\upchi }}_{1}^{0}$$\end{document}$ below 91.9$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\,\text {Ge}\text {V}$$\end{document}$ represents the region of the mass plane excluded at the CERN LEP \[[@CR151]\]. Signal cross sections are calculated at approximately NNLO+NNLL order in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S$$\end{document}$ \[[@CR136]--[@CR147]\], assuming decay branching fractions ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal {B}}$$\end{document}$) as indicated in the figure Fig. 22Exclusion limits at 95% $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$ on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma /\sigma _{\mathrm {theory}}$$\end{document}$ as a function of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{{\upchi }}_{1}^{\pm }}$$\end{document}$ decay length, for a choice of signal models of (upper) direct gluino pair production where the gluinos decay to light-flavor (u, d, s, c) quarks, (lower left) direct light-flavor squark pair production, and (lower right) direct top squark pair production, as obtained from the search for disappearing tracks. The area enclosed by the solid (dashed) black curve below the horizontal dashed line at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma /\sigma _{\mathrm {theory}}=1$$\end{document}$ represents the observed (median expected) exclusion region, while the inner green (outer yellow) band indicates the region containing 68 (95)% of the distribution of limits expected under the background-only hypothesis. Signal cross sections are calculated at approximately NNLO+NNLL order in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _S$$\end{document}$ \[[@CR136]--[@CR147]\], assuming decay branching fractions ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal {B}}$$\end{document}$) as indicated in the figure

Summary {#Sec21}
=======

This paper presents the results of two related searches for phenomena beyond the standard model using events with jets and large values of the kinematic variable $\documentclass[12pt]{minimal}
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Disappearing track selection {#Sec22}
============================

The detailed selection of disappearing tracks (STs and STCs, as defined in Sect. [3.2.2](#Sec7){ref-type="sec"}) is summarized in Table [11](#Tab11){ref-type="table"}.Table 11Selection requirements for STs and STCs. For the subset of medium (M) length tracks that have just four tracking layers with a measurement, the minimum required number of layers of the pixel tracking detector with a measurement is three ($\documentclass[12pt]{minimal}
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Search for disappearing tracks: search regions and yields {#Sec25}
---------------------------------------------------------

The 68 search regions defined for the disappearing track search, as described in Sect. [3.2.2](#Sec7){ref-type="sec"}, are summarized in Tables [24](#Tab24){ref-type="table"}, [25](#Tab25){ref-type="table"} and [26](#Tab26){ref-type="table"}, together with the pre-fit background predictions and the observed yields.Table 24Summary of the 28 signal regions of the search for disappearing tracks, for the 2016 data set, together with the corresponding background predictions and observations. For the background predictions, the first uncertainty listed is statistical (from the limited size of control samples), and the second is systematic. The systematic uncertainty is not shown when it is negligibleTrack length$\documentclass[12pt]{minimal}
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